Precise magnetic structures of RM n 2 O 5 , with R = Y, Ho, Bi in the commensurate/ferroelectric regime, have been determined by single-crystal neutron diffraction. For each system, the integrated intensities of a large number of independent magnetic Bragg reflections have been measured, allowing unconstrained least-squares refinement of the structures. The analysis confirms the previously reported magnetic configuration in the ab-plane, in particular the existence of zig-zag antiferromagnetic chains. For the Y and Ho compounds additional weak magnetic components parallel to the c-axis were detected which are modulated in phase quadrature with the a-b components. This component is extremely small in the BiMn 2 O 5 sample, therefore supporting symmetric exchange as the principal mechanism inducing ferroelectricity. For HoMn 2 O 5 , a magnetic ordering of the Ho moments was observed, which is consistent with a super-exchange interaction through the oxygens.
I. INTRODUCTION
Materials in which there is strong interplay between ferroelectric and magnetic ordering are attracting current interest due to the possibility of controlling the electric polarization by application of a magnetic field or conversely the magnetisation with an electric field.
In the last few years, studies have been focussed on systems, such as TbMnO 3 [1, 2] and RMn 2 O 5 [3] , for which the ferroelectric transition coincides with the transition to a complex antiferromagnetic ordered phase at low-temperature. These systems are classified as improper ferroelectrics, since the primary order parameter is the magnetization, and their electrical polarization is at least an order of magnitude lower than in proper ferroelectrics [4] .
Nonetheless, the coupling between the magnetization and the electrical polarization is strong, providing an exciting playground in which to study the microscopic mechanisms that govern the magneto-electric interaction. Moreover, the aforementioned systems commonly present a high degree of magnetic frustration, which seems closely linked to the appearance of ferroelectricity [5] .
The nature of the low-temperature state in these materials has been investigated by a variety of experimental techniques sensitive to small ionic displacements in a crystal (Raman, IR spectroscopy) [6, 7] and scattering techniques sensitive to the magnetic order (Neutron, resonant X-ray scattering) [8, 9, 10, 11, 12] . An increasing number of theoretical models have also appeared over the last two years that discuss the origin of the magneto-electric coupling [3, 13, 14, 15, 16] . Two microscopic mechanisms have been put forward: on one hand the antisymmetric inverse Dzyaloshinskii-Moriya (DM) interaction, requiring a noncollinear magnetic arrangement and on the other hand exchange-striction due to symmetric exchange. In the DM model, the polarization direction P (atomic displacement direction) is given by the expression:
where S 1 and S 2 are neighboring spins and e 12 is the propagation direction. The proportionality constant is related to the strength of the spin-orbit coupling. It seems that this mechanism explains the origin of ferroelectricity in many systems recently investigated such as TbMnO 3 [3, 14, 15] . Exchange-striction, which is intrinsically stronger that DM, does not require non-collinearity, and has been proposed to explain the appearance of ferroelectricity in RMn 2 O 5 [16] and in the 'E' -phase of HoMnO 3 [17] . Recent work by Infra-Red absorption confirmed that both mechanisms described above are relevant, as suggested by different polarization selection rules for the electromagnons in RMnO 3 and RMn 2 O 5 [7] . It is important to note, that due to the extremely small shifts of atoms in the ferroelectric state with respect to their positions in the centro-symmetric paraelectric phase, these displacement patterns
have not yet been properly determined. The mechanism which drives the ferroelectric transition can therefore often be more easily inferred from analysis of the magnetic configuration derived from neutron diffraction experiments.
There has been continuing interest in the complex magnetic structures of RMn 2 O 5 with R = Rare earth (space group Pbam) since the 1960s [18, 19, 20] . These insulators order antiferromagnetically at low temperature (T N ≈ 40 K) with a propagation vector (k x , 0, k z ) and on further cooling undergo a series of magnetic transitions to both commensurate and incommensurate magnetic phases. These materials become ferroelectric at a temperature slightly below the Néel transition at T N with values of electric polarization, ranging from 20 to 100 nC.cm −2 depending on the R ion, being largest in the commensurate phase. The component of the magnetic propagation vector along c (k z ) depends on the size of the R cation, which suggests that the magnetic exchange along the c-direction is extremely sensitive to the interlayer coupling [9, 21] . Bi with r I =131 pm has the largest ionic radius of the series and in III. RESULTS
A. Crystal structure and formalism
The crystal structure and topology of the magnetic interactions have been described in detail in [16, 23] The magnetic structures have been analyzed using the propagation-vector formalism, in which magnetic moments for all sites described above are expanded in Fourier series. We briefly describe the conventions used in the next paragraph. For a magnetic structure with a single propagation vector − → k , which is the relevant case in this study, a magnetic moment of atom type j in the crystallographic unit-cell l ( − → m lj ) is written:
where the sum runs over − → k and -− → k if these vectors are not related by a reciprocal lattice
pure lattice translation and φ j is a phase factor. The magnetic structure is fully determined by giving a set of Fourier coefficients and phases ( − → S kj ,φ j ) for each j, i.e seven components per site in the most general case since the Fourier coefficients are complex quantities. We note that because − → m lj is a real quantity, the constraint − − → S −kj = − → S * kj (where * denotes the complex conjugate) is required. It is important to mention that φ j are relative phases and are equal for sites belonging to the same orbit, i.e. sites that can be transformed into each other by an operation of the magnetic little group. It is different than a global phase, that can't be determined by diffraction, which rephase the entire magnetic structure, i.e. apply simultaneously to all magnetic sites. Additional constraints exist between ( − → S kj ,φ j ) of symmetry-related sites. These constraints are determined by representation analysis and will be briefly described in the following sections, based on previously published work [24] .
B. YMn 2 O 5
Magnetic structure
The propagation vector for the Y-compound in the commensurate phase (CM) is − → k =(1/2, 0, 1/4). Symmetry analysis [24] indicates that the Mn 4+ sites is split into two orbits because the m z mirror-plane operation does not belong to the little group. The first and second orbits contain respectively the b1/b3 sites and b2/b4 sites. The φ j phases for each orbit can therefore be non-equal and treated as free parameters during the refinement. On the other hand, the phases of the Mn 3+ sites, belonging to a single orbit, must be equal. We arbitrarily chose to fix the phase of the Mn 3+ sites at 0.125 (one phase must be fixed since structure factors do not depend on a global phase), for comparison with results reported earlier from powder data [16] describing a configuration with equal moments. In this case, representation analysis does not impose any constraints on the magnitude and direction of the Fourier coefficients for both Mn 3+ and Mn 4+ sites [24] . For each site, six independent Fourier coefficients are in principle refinable. The unconstrained model has therefore fifty parameters and describe the most general magnetic structure. For typical magnetic structures described by either spin-density waves (SDW) or simple cycloidal modulations, some of these parameters will be fully correlated. Refining an unconstrained model against the 355 independent magnetic reflections fails due to the large number of parameters and the presence of strong correlations. In order to find possible models, a global optimization algorithm, using the simulated annealing procedure described in [25] , was employed. Systematically, the Fourier coefficients for all magnetic sites were found to be principally along the a-axis, whether real or imaginary. In addition, a weaker b-axis component was found with the same character Table II and the magnetic structure projected along two different crystallographic directions in Fig.   3 and Fig. 4 . The magnetic arrangement in the ab-plane (Fig. 3) is equivalent to that derived in our previous work from powder data [16] . The moment directions are within ∼10
• of the a-axis for Mn 3+ and ∼14
• for Mn 4+ , defining zig-zag antiferromagnetic (AFM) chains running along a. One of these chains links b1, b2, a2 and a3, the other b3, b4, a4 and a1.
In addition, there is a significant c-component on all magnetic sites as suggested by Noda et al. [8] , which was not found in our earlier analysis of powder data. (Fig. 5 ). In the ac-plane, the moment rotation direction is clockwise for Mn 4+ chains formed by the b1 and b2 sites (left panel of Fig. 4 ) and anti-clockwise for chains formed by the b3 and b4 sites (right panel of Fig. 4 ).
In the bc-plane, the weak cycloidal modulation, highlighted in Fig. 5 , rotates in the same direction along b1/b2 chains and b3/b4 chains. The Mn 3+ moments are also slightly tilted along the c-direction, remaining almost collinear to adjacent Mn 4+ magnetic moments in a given AFM chain. Therefore, the presence of antiferromagnetic chains running along the a-axis, identified earlier as an important characteristic of these systems, remain valid despite the small c-component.
Domains
The arm of the star of k is made only of the two vectors − → k =( Since D1 and D2 are related by inversion symmetry, the diffracted intensities arising from both domains are identical for a non-polarized diffraction experiment and refining the data assuming any domain leads to the same result. We note that the two domains are also related by a simple rotation by 180
• along the z -axis or the x -axis.
From the list of symmetry operations (Table. I) that leave the magnetic structure invariant (modulo complex conjugation operation), one derives the point group m2m in the magnetically ordered phase, in agreement with that obtained earlier from co-representation analysis [24] . This point group is compatible with ferroelectricity along the b-axis, irrespective of the microscopic magneto-electric mechanism. ).
The magnetic structure has been determined in the commensurate phase from 381 independent magnetic reflections, using the same procedure as that described in the case of YMn 2 O 5 . However in this case, the magnetic ordering of Ho is an additional complexity which increases the number of free parameters. Attempting to refine the data without a magnetic contribution on the Ho sites, leads to poor agreement factors (R(F)=20.2%) as already reported from analyzing powder diffraction patterns [23] . Preliminary measurements with resonant X-ray scattering at the L III edge directly confirm the magnetic ordering of
Ho. Symmetry analysis indicates that the four equivalent Ho positions belong to the same orbit and therefore only one phase parameter is required. However, there are no constraints between components of the moment of different sites, which were refined independently.
The final refinement contained 45 parameters and was found to reproduce the data very well with structure factor R(F)=3.96% and χ 2 =5.82. The magnetic structure is similar to in the ab-plane, while the other half show only a small moment along the c-direction (Fig.   8 ). Accordingly, in the former type of layers, we can clearly show that the directions of the moment are systematically arranged along the resultant of AFM super-exchange interactions with the four nearest-neighbor Mn 4+ sites (Fig. 7 and Fig. 8 ). The net moment on each Ho sites is pointing either along the a-axis (sites c3 and c4) or b-axis (sites c1 and c2), resulting from the cancelation of respectively the b-and a-components of neighbor Mn 4+ moments.
Also, the resultant of the super-exchange is larger for sites c3 and c4 (along the a-direction)
than for sites c1 and c2 (along b), which should lead to different Ho moments on these sites, as we appear to observe experimentally (Table III) . A more precise determination of the respective magnitude of the moments on sites c1/c2 and c3/c4 is currently underway by resonant X-ray scattering. Calculations show that azimuthal scans on magnetic Bragg peaks at the Ho L III edge are extremely sensitive to these parameters (as well as being Ho selective).
The magnetic configuration of the Ho sublattice also breaks inversion symmetry since moments on sites c2 and c3 (respectively c1 and c4) are pointing in different directions. As in the case of YMn 2 O 5 , there are only two "orientation" domains to consider, related by inversion symmetry and therefore contributing equally to the diffracted intensities. The symmetry operations and corresponding domains listed in Table I are also valid for HoMn 2 O 5 .
The magnetic structure of domain 2 including the transformed Ho moments (not shown) is easily derived from domain 1 by applying inversion symmetry. In this case, the magnetic point group is also m2m, which supports ferroelectricity along the b-axis.
BiMn 2 O 5 is the only member of the series that shows magnetic ordering below T=39 K with a propagation vector
) and no transitions to incommensurate magnetic order.
Because of the commensurate propagation vector representation analysis leads to stricter constraints than those applicable to YMn 2 O 5 and HoMn 2 O 5 , they are described in detail by Munoz et al. [21] . (204) allows the simultaneous refinement of all fourteen parameters. The result of the refinement is shown in Fig. 1 and the corresponding magnetic structure is displayed in Fig. 9 The magnetic point group is m2m and the magnetic structures of the two possible domains are related by inversion symmetry, as previously described, resulting in flipping the central AFM chain in Fig. 9 .
IV. ORIGIN OF FERROELECTRICITY
In this section, we discuss the possible mechanism that will promote a ferroelectric state in the magnetically ordered phase. First of all it is worth noting that irrespective of the microscopic mechanism involved, the point group symmetry m2m derived from the magnetic and HoMn 2 O 5 and not identified previously by powder diffraction. This small out of plane component introduces a modulation that resembles a cycloid, even though it does not correspond to a homogeneous rotation from site to site, as seen in Fig. 4 for example. However, this modulation could in principle give rise to ferroelectricity based on antisymmetric exchange interaction, a mechanism proposed in several multiferroics, and its strength will be proportional to the spin-orbit coupling, potentially large for octahedral Mn 4+ . Obviously, the absence of such a modulation in BiMn 2 O 5 , multiferroic with a value of the electrical polarization comparable to YMn 2 O 5 and HoMn 2 O 5 , does not support this picture. Therefore we argue that our model based on symmetric-exchange, and proposed initially in [27] , is the principal mechanism driving ferroelectric order. The recent observation of electromagnons [28] active only for certain polarization directions, also supports a model based on symmetric-exchange interaction. This model is relevant since the magnetic configuration in the ab-plane for the three compounds studied here is frustrated, i.e. the magnetic energy is invariant by flipping any AFM chain in the lattice. Such a configuration will induce atomic displacements on some of the ions in the crystal (we speculated that mainly Mn 3+ ions are involved based on structural anomalies related to this site) that will lower the magnetic energy [6, 16, 29] . This comes at the cost of elastic energy, quadratic with the displacement, but for small displacements the gain in magnetic energy (linear with displacements) overcomes the elastic energy cost. Magneto-striction due to symmetric exchange should be much stronger than the DM interaction, which is a relativistic effect [14, 15, 30] . However, it is possible that this later mechanism contributes to the total electric polarization in the YMn 2 O 5
and HoMn 2 O 5 compounds but should be of minor importance. In fact, the two mechanisms are likely to be strongly coupled. It is important to note that applying the inversion symmetry operation not only flips one of the AFM chains but also changes the rotation direction of the cycloidal modulation. Therefore the direction of the electric polarization in domain two is opposite to that in domain one, whatever the mechanism considered. The observation of cycloidal structures for many of these compounds is intriguing, and is unlikely to be a coincidence. In general, two mechanisms are known to generate helicoidal-type structures;
competition between nearest and next-nearest neighbor interaction and direct DM interaction, resulting from the loss of a center of symmetry relating magnetic ions. It is easy to
show that in none of the magnetic structures described here does the cycloidal modulation lower the next-near neighbor magnetic energy, regardless of the sign of the interaction. This suggests that the observed c-axis modulation may be the effect, rather than the cause, of the loss of the center of symmetry relating Mn 4+ ions.
V. SUMMARY
The magnetic structures in the ferroelectric/commensurate magnetic regime of three com- It also contains zig-zag AFM chains, in disagreement with what was previously reported [21] .
This comparative study strongly supports symmetric exchange as the principal mechanism leading to ferroelectricity since the small non-collinearity of the magnetic moments within chains along c is observed only for the Table III . The green and red arrows represent magnetic moments on M n 4+ and M n 3+ sites respectively.
Corresponding Mn-O polyhedra are shown with the same colors. Blue sphere represent Bi ions.
The different sites are labeled according to The phase for each site (Ph.) is given in units of 2π. Error bars are given for all parameters within parenthesis.
